Background: Patients with lung cancer who develop brain metastases have a poor prognosis. Those patients with progressive brain metastases tend to have a dismal prognosis. Currently, there is no standard of care for the treatment of these patients.
Introduction
The most common central nervous system (CNS) malignancy is metastatic disease. Lung cancer accounts for approximately half of all brain metastases [1, 2] . The presentation of brain metastases is often metachronous with a latency of 6 to 9 months after initial cancer diagnosis [3] . Survival in these patients remains poor. Median overall survival (OS) in lung cancer patients once they develop CNS metastases is approximately 6 months [3] [4] [5] . The prognosis is poorer in small-cell lung cancer (SCLC) compared to non-small cell lung cancer (NSCLC) [5] . The majority of patients with brain metastases have multiple lesions [6] . In turn, they receive radiation therapy as their initial treatment. At the time of progression in the CNS after initial therapy, the prognosis is deemed to worsen although data is limited [7] [8] [9] [10] . Survival in brain metastases patients is strongly affected by factors such as age, performance status, control of primary tumor, and presence of extracranial metastases [5, 11] . Chemotherapy trials for progressive brain metastases in general report median OS ranging from 3.5 to 6.6 months. Currently there is no standard of care for progressive brain metastases in general, or for progressive brain metastases from lung cancer specifically [12] .
The frequent presence of concomitant active systemic disease and progressive multiple CNS metastases is a scenario which could potentially benefit from administration of systemic therapy to address all sites of disease. This is a challenging issue as most systemic therapies which are effective in lung cancer do not cross the blood brain barrier (BBB) at effective concentrations. The BBB limits the transfer of larger or more hydrophilic molecules into the CNS. It also precludes agents which are substrates for the multi drug resistance gene products from reaching adequate concentrations in the CNS [13] . This study addresses these concerns by combining temozolomide (Merck, Whitehouse Station, USA) and erlotinib (Genentech, San Francisco, USA; OSI Pharmaceuticals, Melville, USA; Roche, Basel, SwitzerManuscript accepted for publication February 21, 2012 land) in an attempt to address treatment of CNS metastatic disease. Both agents cross the BBB to some degree.
Erlotinib is a small molecule epidermal growth factor receptor (EGFR) specific tyrosine kinase inhibitor (TKI) used in the treatment of systemic NSCLC [9] . CSF concentrations in relation to serum concentrations of erlotinib and its active metabolite OSI-420 range from 1 to 7% and 3 to 9% respectively, depending on the dosing schedule [14, 15] . The tumor tissue to plasma ratio of erlotinib and OSI-420 at trough steady state levels in patients with high-grade gliomas is 0.38 and 0.48 respectively [16] . This agent may preferentially accumulate in highly vascular tumors such as glioblastoma. In turn, the concentrations of this agent in these tumors may not represent concentrations achieved in lung cancer brain metastases. However, uptake of erlotinib in NSCLC brain metastases has been demonstrated via positron emission tomography [17] .
EGFR TKI has been studied for potential benefit in patients with NSCLC involving the CNS. Patients of Asian ancestry are more likely to respond to EGFR TKI. There are case reports of patients from this population who had responses to treatment and even retreatment of CNS parenchymal metastases and leptomeningeal metastases (LM). Some of these cases have resulted in meaningful response times up to 8 months [18] [19] [20] [21] [22] .
Two retrospective case series (28 patients total) from Japan evaluating the response of NSCLC brain metastases to the EGFR TKI gefitinib demonstrated evidence for response in the CNS [23, 24] . Another recent retrospective series (n = 93) of NSCLC brain metastases patients conducted in the U.S. looked at the role of EGFR mutation on outcome. A small number of patients (n = 6) were treated with an EGFR TKI as front-line therapy for their brain metastases. Sustained complete response (CR) was observed in 2 of the patients with EGFR-mutations. The exact mutations in these patients were not described. No response was seen in the single wild-type EGFR patient treated with upfront EGFR TKI for brain metastases. In the larger patient population with brain metastases who received EGFR TKI after their initial braindirected treatment both OS and time to progression in the CNS (TTP-CNS) were improved compared to those who did not receive EGFR TKI. Selection bias favored mutant EGFR patients to receive EGFR TKI. Of note, there were no African American (AA) patients in this study [25] . These studies were complicated by including patients who had received WBRT, stereotactic radiosurgery (SRS), WBRT and SRS, as well as those who had not received radiation therapy to the brain [23] [24] [25] . Two prospective trials conducted in Asia using EGFR TKI in newly diagnosed brain metastases have recently been published. One phase II trial treated patients with WBRT (40 Gy in 20 fractions) with concomitant gefitinib (250 mg daily) during WBRT and continuously thereafter, 19% CR and 62% partial response (PR) were noted. Median progression free survival (PFS) was 10.0 months and median OS was 13.0 months. Females and never smokers were more likely to respond [26] . Of note, these patients are the most likely to have EGFR mutations associated with responses. Another trial including only Asian never smokers with adenocarcinoma of the lung, synchronous brain metastases, and no prior radiation therapy treated with either erlotinib (150 mg daily) or gefitinib (250 mg daily) noted no CR but did have 69.6% PR. PFS was 7.1 months and OS 18.8 months [27] . This trial raises the possibility of delaying WBRT with the use of EGFR specific TKIs in selected patients. Finally a prospective study performed in Italy looked at patients with NSCLC brain metastases, almost half of whom had received WBRT, treated with gefitinib. The radiographic response rate was much less robust (0% CR, 10% PR) as was the PFS (3 months). Most of the patients were male (71%) and the smoking history was not reported. The difference between the results of this trial and those performed in Asia may be due to patient selection and the likelihood of possessing an EGFR mutation. The trial conducted in Italy enrolled both patients with newly diagnosed brain metastases as well as the poorer prognosis group of those with brain metastases which progressed after WBRT. Additionally, Asian female non-smokers in the first two trials have a higher likelihood to respond to EGFR TKI than the patient population in the Italian study [28] .
Temozolomide is an oral methylating imidotetrazione with good CNS penetration used in the treatment of highgrade gliomas [29] . Concentrations of temozolomide in the cerebrospinal fluid (CSF), a surrogate for CNS concentrations, are approximately 20% of serum concentrations [30] . Cases reporting the use of temozolomide in combination with other chemotherapies have noted clinical and radiographic improvement in CNS disease from both SCLC and NSCLC [31] . In a phase II study of recurrent brain metastases (54% NSCLC, 5% SCLC) using temozolomide on a 5 out of 28 day schedule the NSCLC patients demonstrated PR 9.1% and stable disease (SD) 36.4%. Median TTP (either CNS or systemic) for the NSCLC patients was 3.18 months [10] . A number of trials using temozolomide for newly diagnosed brain metastases have been published. One trial exclusively looking at NSCLC patients with brain metastases treated with WBRT vs WBRT with concomitant temozolomide followed by two cycles of adjuvant temozolomide demonstrated apparent safety and tolerability of the combined regimen. Although there was no improvement in OS with combination therapy, there was improvement in 90 day progression free survival (PFS) in the CNS (54% vs 72%, P = 0.03) and incidence of neurologic death (69% vs 41%, P = 0.03) [32] . A similar trial of patients with various solid tumors (60% NSCLC, 17% SCLC) using WBRT with concomitant temozolomide followed by six adjuvant cycles of temozolomide demonstrated improved radiographic responses (CR 38% vs 33%, PR 58% vs 33%) in the chemoradiation arm. The improvement in OS in the chemoradiation arm was not statisti-cally significant [33] .
Materials and Methods
This is a retrospective study in which we reviewed the Thoracic Oncology database at the University of Chicago for patients with lung cancer and brain metastases treated with erlotinib, temozolomide, or a combination of the two. Ten patients with progressive CNS metastases after RT who initiated treatment with temozolomide and/or erlotinib between 1/2005 and 1/2010 met these criteria. Charts and images were reviewed for demographic and clinical data as well as extent and duration of response systemically and in the CNS. Written consent via an IRB approved protocol was obtained from all living patients. OS was measured from the first date that MRI CNS imaging revealed CNS progression which led to the initiation of temozolomide and/or erlotinib. If exact date of death was not documented in our records, the Social Security Death Index database was searched. If the exact death date could not be obtained in this way (n = 1, patient #6), the most recent date in our records was used as the date of death. For patients still alive, OS was censored on 7/26/2010. TTP-CNS was calculated from the date of the MRI CNS imaging revealing progressive CNS metastases leading to the initiation of temozolomide and/or erlotinib until the CNS imaging documented PD or until death or loss to follow-up. TTP systemically (TTP-S) was calculated from the date of the same MRI CNS imaging used to calculate TTP-CNS until systemic imaging revealed PD or until death or loss to follow-up. If patients were lost to follow-up, the most current date in our SCLC: small-cell-lung cancer; NSCLC: non-small-cell lung cancer. *Pathology demonstrated large cell carcinoma with focal glandular and squamous differentiation; **Two patients (patients 7 and 8) had their initial diagnosis of NSCLC made at outside institutions. More detailed histologic information was not available in their records; ***The patient with cytologic evidence of LM also had parenchymal brain metastases. Another patient with concern for LM had increased opening pressure and xanthochromia on lumbar puncture, but negative cytology. A third patient had clinical symptoms and radiographic findings concerning for LM; ****One patient was on temozolomide with concomitant paclitaxel. Another patient was on temozolomide with concomitant irinotecan.
medical records was used to calculate TTP-CNS and TTP-S. CNS disease was monitored primarily with MRI. In a limited number of patients, MRI imaging was unable to be performed and CT was used in those settings. The data from one patient (patient #10) was not used in calculating duration of CNS response due to inability to tolerate erlotinib. MRI 2 weeks after initiating therapy was stable. In evaluating systemic progression CT and/or PET imaging was used. Imaging was not consistently obtained if the patient's condition deteriorated significantly prior to death. In these scenarios (n = 3) the date of the most recent systemic staging was used to calculate systemic TTP. If these patients had a short TTP systemically our calculations would be overestimating the TTP-systemic.
Results
We reviewed the records from our Thoracic Oncology Clinic for lung cancer patients with CNS metastases treated with temozolomide and/or erlotinib. Ten patients (5 male, 5 female) were treated from 2005 to 2010 (Table 1) . Half of the patients were female. The mean age was 54. All patients were smokers. None was of Asian ancestry. Three were AA and seven were Caucasian (C). Eight patients had NSCLC and two had SCLC. One patient had leptomeningeal disease (positive CSF cytology) in addition to parenchymal brain metastases. For another patient there was strong clinical suspicion for LM in addition to parenchymal brain metastases, but negative CSF and imaging. For a third patient there was clinical suspicion for LM accompanied by abnormal CSF findings but negative CSF cytology and MRI without radiographic evidence of LM. Two of the patients received additional chemotherapy during their regimen of temozolomide and/ or erlotinib. One patient received temozolomide with paclitaxel for his systemic disease. Another patient received irinotecan (Pfizer, New York, USA) with temozolomide (Table  1 ). Prior malignancies in these patients included local basal cell skin cancer (n = 1), ductal carcinoma in situ (DCIS) of the breast (n = 1), and locally advanced high-grade transitional cell cancer of the bladder (n = 1). All of these additional malignancies were diagnosed prior to the lung cancer. None of these malignancies was deemed to be active during the course of treatment with erlotinib and/or temozolomide. Two patients were on enzyme-inducing anti-epileptic drugs (EIAED) during the course of treatment. EIAED affect the metabolism of erlotinib, leading to decreased concentrations. Median TTP in the CNS was 14 weeks (n = 9). Median TTP systemically was 7.5 weeks (n = 10). Median OS was 28 weeks (n = 10) (see supplemental file at www.neurores. org). No patients developed CR or PR in the CNS. All patients demonstrated SD in the CNS on their first follow up imaging study after initiating the chemotherapy regimen. Some lesions decreased in size or became more necrotic radiographically but did not meet criteria for PR (Fig. 1) .
One patient (patient 7) demonstrated a prolonged sustained response. TTP CNS was 53 weeks. The patient, a female AA smoker, continued to be progression free systemically at 84 weeks. The patient had NSCLC and developed parenchymal brain metastases 4 years after her initial diagnosis of lung cancer, without evidence of systemic recurrence. She had 3 lesions and underwent resection of the largest which had significant associated mass effect. This was followed by WBRT to 30 Gy. When she had radiographic progression at the prior sites of intracranial disease as well as extracranial subcutaneous extension of tumor approximately 8 months after WBRT, she was started on a combination of erlotinib (150 mg daily) and temozolomide (150 mg/m 2 for 5 out of 28 days) (Fig. 2) . She experienced a mild radiographic improvement, insufficient to be defined as a PR. She also had resolution of her subcutaneous nodules over the course of one month. The patient maintained stable disease for approximately 12 months following initiation of this regimen.
Discussion
CNS metastases from lung cancer are common and are associated with significant morbidity and mortality. Current standard of care for initial therapy for multiple brain metastases regardless of histology involves WBRT. At this time there is no standard of care for LM [12] . There is developing evidence for improved response rates and OS in NSCLC with the addition of systemic chemotherapy to WBRT for newly diagnosed brain metastases [25, 34] . New treatment regimens for brain metastases are needed to prolong survival, time to progression, and quality of life. These regimens will need to be evaluated based on a histology specific basis. Currently treatment should be patient specific and may include palliative chemotherapy [12] .
The potential beneficial role of erlotinib in recurrent CNS metastases from lung cancer is limited to NSCLC. Our study included two patients who had SCLC. Reports of parenchymal brain metastases patients treated with erlotinib, particularly those with EGFR mutations, have noted radiographic responses, including sustained CR [18, 19, 25] . Additional cases of LM due to NSCLC have noted cytologic clearing in the CSF and radiographic stability or improvement when erlotinib was used as part of a combination regimen [21, 22] . EGFR TKI has been evaluated prospectively in newly diagnosed brain metastases in combination with WBRT. Both gefitinib and erlotinib have been evaluated and have appeared to be tolerable with suggestion of possible benefit [26, 35] .
Our study demonstrates that a combination regimen of erlotinib and temozolomide is a reasonable therapeutic strategy after progression of CNS metastases following WBRT. Our patient population differs from those recently reported in the trials by Ma and Kim [25, 26] . We had a higher proportion of African American patients, who are less likely to respond as robustly to EGFR TKI as the Asian patients in the above noted studies. Our study included only smokers, again a subpopulation less likely to respond to EGFR TKI. Nonetheless, the majority of our patients demonstrated stable disease, and select patients this was sustained for a number of months before acquired resistance developed. The greatest limitation of our study is its retrospective nature. No standardized treatment regimens were used. The majority of patients (60%) received both agents with erlotinib administered at 150 mg daily (in one patient being held on days of temozolomide doses) and temozolomide (150 -200 mg/m 2 ) for 5 of 28 days. Interestingly, one of the longest responders was also on an EIAED throughout much of treatment, further complicating interpretation of the potential role erlotinib played. The use of EIAEDs can lead to subtherapeutic concentrations of erlotinib. EIAEDs are also, however, associated with an increased conversion of erlotinib to its active metabolite, OSI-420 [36] . All patients previously received WBRT. Another limitation of the retrospective nature of the study was a lack of a standardized imaging protocol. However, the majority were evaluated clinically at regular intervals by a neuro-oncologist (MKN, RVL). All patients were followed with serial contrast-enhanced MRIs of the brain and spine (in the cases of LM). These were typically performed every two months as well as at any times of clinical concern for CNS progression.
Our study of erlotinib and/or temozolomide for lung cancer brain metastases which progressed after RT demonstrated median OS of 28 weeks, median TTP-CNS of 14 weeks, and median TTP-systemic of 7.5 weeks. The TTPsystemic is influenced in part by the 3 patients who did not undergo systemic restaging and skewed the results towards a shorter time interval. Radiographically, all patients demonstrated SD in the CNS. There were no patients with CNS PR or CR. One patient (patient 10) discontinued treatment after one combined cycle of temozolomide/erlotinib, due to perceived side effects of the erlotinib. It is likely that the patients neurologic symptomatology (gait difficulty leading to falls) was more likely due to CNS tumor burden. No patients discontinued therapy due to any other toxicities. Erlotinib and/or temozolomide appear tolerable in the treatment of progressive brain metastases.
The patient population in our study consisted of 70% C and 30% AA patients. There were no patients of Asian ancestry. Half of the patients were female. It has long been recognized that AA patients have a poorer response to lung cancer treatment compared to C. It has also been shown that subgroups of patients with NSCLC are likelier to respond to the EGFR TKI erlotinib [9] . Our two longest responders were AA female smokers. Somatic mutations in the region of the gene encoding the intracellular domain of EGFR confer sensitivity to both erlotinib and gefitinib. These mutations are more commonly found in Asian females with adenocarcinomas [37] . Mutations, such as the double L858R and E884K mutations, have been associated with response in the CNS of a Japanes female with NSCLC treated with one EGFR TKI (gefitinib) after progression on a different prior EGFR TKI (erlotinib) [20] . Further work has been done examining the role of ethnic differences in frequency and type of mutations associated with lung cancer. EGFR somatic mutations have been found at a much higher incidence in East Asian (EA) patients (32%) compared to C and AA (3%). Other tyrosine kinases such as MET have also been found to have higher incidences of germ-line mutations in EA compared to C with an absence of these mutations in AA [38] . As our understanding of the role of both somatic and germline mutations and knowledge of their incidences in various ethnic populations improves we will move closer to patient-specific approaches to therapy in lung cancer. O 6 -methylguanine-DNA-methyltransferase (MGMT) is a DNA repair enzyme which removes methyl groups from the O 6 position of guanine. Methylation of the MGMT promoters leads to decreased expression of MGMT and in turn greater mutagenicity. MGMT methylation is also associated with a more pronounced response to alkylating agents such as temozolomide in primary brain tumors [29] . A study of MGMT methylation promoter status conducted in Taiwan evaluating brain metastases from lung cancer has demonstrated enhanced MGMT expression in the brain metastases in comparison to the primary tumor. This raises concern for potential lack of response in the CNS when using alkylating agents, even those such as temozolomide which have good CNS penetration. Surprisingly, in this study increased median OS was also noted in patients with present MGMT expression [39] . This emphasizes that many questions regarding MGMT's role in cancer biology have yet to be answered. Another study looking at MGMT expression and promoter methylation in brain metastases from solid tumors found the highest incidence (46.5%) of promoter methylation in lung cancers [40] . Ethnicity of the patients was not correlated with MGMT expression or promoter methylation. There are currently no published studies comparing these factors between C and AA.
Erlotinib and temozolomide have been used in combination in adults and children with primary CNS tumors as well as solid tumors elsewhere in the body [41] [42] [43] [44] . We were able to demonstrate in patients with progressive brain metastases from lung cancer median OS 28 weeks, median TTP in CNS 14 weeks, and median TTP systemically 7.5 weeks. All patients on this regimen had SD in the CNS with some maintaining SD radiographically for prolonged intervals with stability clinically as well. A palliative regimen of erlotinib and temozolomide could be considered in patients in this setting. Correlative studies looking at EGFR mutations and MGMT methylation status could help shed light on who the likeliest
